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We  report  the  development  of  a laser-based  process  for the direct  writing  (‘microsculpting’) of unique
security  markings  (reﬂective  phase  holograms)  on  the surface  of  metals.  In  contrast  to the common
approaches  used  for unique  marking  of  the metal  products  and  components,  e.g., polymer  holographic
stickers  which  are  attached  to  metals  as an adhesive  tape,  our process  enables  the  generation  of  the
security  markings  directly  onto  the metal surface  and  thus  overcomes  the  problems  with  tampering  andeywords:
aser materials processing
urface modiﬁcation
icrostructure fabrication
iffractive optics
aser marking
biocompatibility  which  are  typical  drawbacks  of holographic  stickers.  The  process  uses  35 ns  laser  pulses
of wavelength  355  nm  to generate  optically-smooth  deformations  on the  metal  surface  using  a localised
laser  melting  process.  Security  markings  (holographic  structures)  on  304-grade  stainless  steel  surface
are fabricated,  and  their  resulted  optical  performance  is tested  using  a He–Ne  laser  beam  of 632.8 nm
wavelength.
© 2015  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
etals
. Introduction
Laser-based melting processes are increasingly used in a vari-
ty of industrial (Wissenbach et al., 2011), medical (Temmler et al.,
010) and optical (e.g. Nowak et al., 2006) applications for surface
moothing and polishing. In these processes, the laser beam is used
o generate a melt pool on the material surface, enabling the molten
ayer to ﬂow under surface tension forces, thereby causing surface
elaxation and consequently roughness reduction (Wlodarczyk
t al., 2010). Typically, however, new surface deformations such as
umps, dimples, corrugations and ripples are also generated dur-
ng the re-melting and re-solidiﬁcation process. The appearance of
uch surface deformations depends on the absorbed laser intensity,
emperature gradients generated on the surface and the chemi-
al composition of the material, as explained by Wissenbach et al.
2011). Chen et al. (2000), for instance, observed that deformations
n the form of bumps generated on a Ni-P hard disc substrate result
rom both a change in the surfactant concentration and the thermo-
apillary (Marangoni) forces which are induced by the temperature
radients occurring across the molten area.
∗ Corresponding author at: Room EM G24, Heriot-Watt University, Riccarton,
dinburgh EH14 4AS, UK. Tel.: +44 (0) 131 451 3105; fax: +44 (0) 131 451 4155.
E-mail address: K.L.Wlodarczyk@hw.ac.uk (K.L. Wlodarczyk).
ttp://dx.doi.org/10.1016/j.jmatprotec.2015.03.001
924-0136/© 2015 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
Fibre and solid-state lasers are commonly used for re-melting,
polishing and texturing the surface of metals, such as steel
(Temmler et al., 2011), titanium (Nusser et al., 2013), GGG70L
cast iron (Ukar et al., 2013) and nickel-based Inconel®718 alloy
(Kumstel and Kirsch, 2013). Khoong et al. (2010) demonstrated that
a 355 nm solid-state YAG laser can also be used for so called “soft
marking” of silicon wafers. In the case of transparent materials,
such as glass and glass-ceramics, surface polishing and texturing
processes are carried out by using a CO2 laser beam at 10.6 m
because at this wavelength these materials have a high absorption
coefﬁcient, enabling the laser light to be coupled more efﬁciently.
For example, it has been demonstrated that a CO2 laser beam can be
successfully used for polishing the surface of conventional refrac-
tive optics (Laguarta et al., 1994 and Heidrich et al., 2011) and
for smoothing sharp etched-edges of diffractive optical elements
(Wlodarczyk et al., 2010). The CO2 laser irradiation can also be
used for the fabrication of micro-optical components, e.g., micro-
stripe cylindrical and toroidal mirrors (Wlodarczyk et al., 2012) and
phase corrective plates for high power laser diodes, as reported
by Nowak et al. (2006), Monjardin et al. (2006) and Trela et al.
(2009). A CO2 laser beam can also be used for texturing the sur-
face of optical glasses, as demonstrated by Shiu et al. (1999) and
Bennett et al. (1999), or even for repairing of damage in fused silica
components by re-melting, as reported by Mendez et al. (2006) and
Cormont et al. (2013). Moreover, Brusasco et al. (2001) and recently
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ai et al. (2011) demonstrated that CO2 laser polishing can also
nhance surface damage resistance of optical components.
Currently common techniques for marking metals include
echanical processes (e.g. indentation), ink-marking, laser abla-
ion (marking and engraving), electro-marking and etching, which
re typically used for the generation of company logos, trade-
arks, alphanumeric characters (e.g. serial numbers), bar codes,
R codes and data matrices (Dahotre and Harimkar, 2008). All
hese ‘standard’ markings, however, can be easily replicated and
hus expensive products (e.g. engine components) can be coun-
erfeited. More sophisticated markings like polymer holographic
tickers, which are more robust to local damage and counterfeiting,
re produced by a mechanical embossing process. Such holograms,
owever, are not embedded into the metal surface, but rather
ttached as an adhesive tape, and thus are vulnerable to tamper-
ng. Moreover, they reveal biocompatibility problems and thus they
annot be used for marking medical instruments and implants.
The work described in this paper is focused on the develop-
ent of a process for the generation of small-scale surface features
with a diameter of up to 10 m and a peak-to-valley value of up to
00 nm)  on metals using a localised laser melting process. By creat-
ng the deformations in appropriate locations on the metal surface,
e generate optically-smooth holographic structures which are
irectly embedded into the metal. Since such structures can pro-
uce a diffraction pattern containing text and images, they simply
an be used as security markings for identiﬁcation and traceabil-
ty of high value metal components. In this paper, we  investigate
he generation of laser-induced surface deformations (LISDs) in
etals which are commonly used as substrates for manufacturing
edical instruments, implants and components in aircraft engines,
uclear reactors and pumps. The LISDs are generated by a pulsed,
requency-tripled solid-state laser which provides 35 ns pulses at
 10 kHz pulse repetition frequency in UV ( = 355 nm). Based on
ur previous work, which was reported by Weston et al. (2012),
his laser is capable of producing optically-smooth deformations
ith the peak-to-valley value of 200 ± 20 nm on the surface of dif-
erent metals, such as a 316-grade stainless steel and martensitic
hromium steel Sandvik Chromﬂex®. In this paper, we  analyse
he evolution of the LISDs in terms of the applied laser pulse
nergy (average power) and the number of laser pulses and iden-
ify the laser processing parameters which can be used to generate
ptically-smooth surface features with a good control over their
epth or height.
. Interaction of UV nanosecond laser pulses with metals
Four different metals, austenitic 304-grade stainless steel, 99%
ure nickel and two nickel-chromium alloys (Inconel®625 and
nconel®718 alloy) were investigated. The stainless steel samples
ere 0.35 mm thick, whereas the thickness of the other sam-
les was 2 mm.  The metal surfaces were mechanically polished
efore the laser treatment. The metal samples after polishing
ere measured to have an average surface roughness Ra < 6 nm
nd RMS  (Rq) < 10 nm in a 0.34 mm by 0.26 mm measured win-
ow.
A detailed analysis of the laser-induced surface deformations
LISDs) generated by the nanosecond pulses in UV was  performed
sing a white-light source interferometer (Zygo) and an atomic
orce microscope (Digital Instruments Veeco). These instruments
easured the LISDs with a lateral (spatial) resolution of <0.2 m
nd a vertical resolution of ≤1 nm.  Based on the surface proﬁles,
he diameter, peak-to-valley value and level (depth/height) of the
entral area of the LISDs were determined for different values
f the pulse energy (average laser power) and number of laser
ulses.Fig. 1. Schematic of the experimental setup.
2.1. Experimental setup
The optical setup used in the experiments described below is
shown in Fig. 1. The laser source is a 10 W Q-switched diode-
pumped UV laser (JDSU Q-series) which provides 35 ns pulses
(FWHM) with a 10 kHz pulse repetition frequency. A 1.6 mm diam-
eter laser beam (measured at 1/e2 of its maximum intensity) with
M2 < 1.2 is delivered to the workpiece via a half-wave (/2) plate,
polarising beam splitter (PBS) cube, a ×3 beam expander (BEX) and
a conventional plano-convex (PCX) spherical lens of 50 mm focal
length. The focused laser beam diameter on the workpiece (2ωo)
was calculated to be 8 ± 1 m (at 1/e2 of its maximum intensity)
using the following equation:
ωo = M
2 · FL · 
 · ωI
(1)
where FL is the focal length of the PCX spherical lens (50 mm),  is
the laser wavelength (355 nm), and ωI is the radius of the expanded
laser beam which was measured to be 2.6 mm (at 1/e2 of its max-
imum intensity). The M2 value of the laser beam after BEX was
measured to be approximately 1.8. The calculated focused laser
beam diameter is similar to the diameter of LISDs observed in the
studied metals (see Sections 2.2–2.5). It was not possible to directly
measure the focused laser beam using a beam-proﬁling camera
(e.g. Spiricon) because the laser spot size is similar to the camera
resolution.
Laser processing is carried out by moving the workpiece using
two motorised linear stages. When the workpiece is settled in a
desired position, the laser delivers a pre-deﬁned number of laser
pulses at ﬁxed energy to the target. The stages ensure the work-
piece movement with a 0.5 m resolution. The maximum average
laser power (pulse energy) delivered to the workpiece was man-
ually controlled by rotating the /2 plate, whereas very accurate
adjustment (with a 1% resolution of the maximum average power)
was carried out using the laser software.
2.2. 304-grade stainless steel
Austenitic 304-grade stainless steel is the most versatile and
widely used stainless steel. This metal contains at least 66% Fe,
17.5–19.5% Cr, 8–10.5% Ni, up to 2% Mn,  up to 1% Si and some traces
of C, P and S.
In general, it was  found that the UV ns laser pulses generate
repeatable and useful structures on the 304-grade stainless steel.
This was not the case for the longer wavelengths (1030 nm and
515 nm)  where the degree of depth control is much reduced and
the generated surface is signiﬁcantly rougher. In the range of laser
pulse energies (Ep) between 1.5 and 4.5 J, the LISDs were observed
in the form of smooth ‘Gaussian-like’ craters with an elevated rim.
Fig. 2 shows examples of such deformations. Craters with a depth of
>0.7 m were produced when Ep > 4.5 J. Such deep craters are not
discussed further because they are beyond the scope of our interest.
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Fig. 2. Laser-induced deformations (LISDs) produced on the surface of 304-grade
stainless steel. LISDs were generated by single laser pulses at: (a) Ep = 1.5 J and (b)
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the form of ‘sombrero-shaped’ bumps, as shown in Fig. 6(a), whereasp = 2.75 J.
AFM analysis reveals that the depth of the LISDs (craters)
ncreases in an almost linear manner with increasing laser power
or single laser pulses, as can be seen in Fig. 3(a). Single laser
ulses with energies in the range of 1.0–4.5 J hence provide good
eformation depth control. For multiple laser pulses, meanwhile,
he depth of the craters was found to change only by less than 20%
n comparison to those generated by single laser pulses in the range
f pulse energies between 1.5 and 3.0 J, as can be seen in Fig. 3(b).
his is because no vaporisation occurs in this regime, only melting.
.3. 99% pure nickel
The onset of the LISDs in the 99% pure nickel sample was  found
t Ep = 1.2 J, i.e. a similar pulse energy level to which the onset
f the LISDs was observed in the 304-grade stainless steel sample.
owever, the response of the nickel surface to the UV nanosec-
nd laser pulses was signiﬁcantly different. Simple ‘dome-shaped’
umps were generated by both single and multiple laser pulses in
he range of Ep between 1.6 and 2.0 J, whereas more complex (so
alled ‘sombrero-shaped’) bumps were produced only by multiple
aser pulses with Ep in the range of 1.4–2.8 J. ‘Gaussian-like’ craters
ere also generated using single laser pulses with Ep in the range
f 2.4–3.6 J. Fig. 4 shows examples of the LIDS produced on the
urface of the nickel sample.
Fig. 5 shows the changes in the level of the central area of the
ISDs for the nickel sample when treated by different pulse energies
nd numbers of pulses. The results clearly show that it is difﬁcult
o accurately control the depth/height of the deformations in this
aterial. However, it is still feasible to produce optically-smooth
urface deformations such as:
a) ‘Gaussian-like’ craters with a depth of >50 nm using single laser
pulses in the range of Ep between 2.4 and 3.6 J – see Fig. 5(a),
) ‘dome-shaped’ bumps with a height of up to 300 nm using multi-
ple laser pulses (N ≥ 5) and pulse energies between 1.6 and 2.0 J
– see Fig. 5(b).Fig. 3. Depth of the LISDs (craters) in 304-grade stainless steel as a function of (a)
laser pulse energy and (b) number of laser pulses.
Both of these types of the LISDs can be potentially used for
the generation of security marking (holograms) on the surface of
nickel-made components.
2.4. Inconel®625 alloy
Inconel®625 is a nickel-chromium alloy that contains at least
58% Ni, 20–23% Cr, 8–10% Mo,  up to 5% Fe, 3–4% Nb and less than 1%
C, Mn,  Si, P, S, Al, Ti and Co. Due to outstanding corrosion resistance,
excellent thermo-mechanical properties, high tensile, creep and
rupture strength, this material has found use in sea-water appli-
cations (e.g. mooring cables, propeller blades) and aerospace (e.g.
aircraft ducting and engine exhaust systems).
As with the 99% pure nickel sample (see Section 2.3),
Inconel®625 alloy was  found to produce bumps rather than craters
when processed with the laser. This is probably because this alloy
contains a relatively large amount of nickel. The onset of the LISDs in
Inconel®625 alloy was found to occur at Ep = 1.6 J for a single laser
pulse. For the pulse energies Ep < 3.2 J, the LISDs were observed infor energies between 3.2 and 4.4 J the deformations were similar
in shape to the craters with a ‘W-shaped’  bottom, as presented in
Fig. 6(b). By applying more laser pulses, however, it was possible
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c)  Ep = 2.4 J, 10 pulses, (d) Ep = 3.2 J, 1 pulse.
o ﬂatten the ‘W-shaped’ bottom, as shown in Fig. 6(c). For pulse
nergies above 4.4 J, ‘Gaussian-like’ craters were created with
epths greater than 0.5 m.  A very interesting case was  the appear-
nce of a ‘keyhole’ in the LISDs when generated by a single laser
ulse of energy Ep ≈ 4.8 J, as shown in Fig. 6(d). This repeatable
eyhole fortunately can be removed by subsequent laser pulses
nd the LISD can be transformed into a crater with the ‘W-shaped’
ottom – similar to that shown in Fig. 6(c).
Fig. 7 shows that the level of the central area of the LISDs can be
hanged in the Inconel®625 alloy by delivering: (a) higher energy
ulses and (b) more laser pulses to the metal surface. However, due
o the appearance of complex shapes in the LISDs accurate control
f the height/depth values seems to be restricted to a very narrow
ange of pulse energies near 4.0 J at which the craters with a ‘W-
haped’ bottom can be produced. The depth of these craters without
hanging their overall shape can be increased by applying more
aser pulses, as can be seen in Fig. 7(b). We  believe that these laser
rocessing parameters could be used for the generation of security
arking on the surface of Inconel®625 alloy.
Fig. 5. The height of the central area of the LISDs in 99% pure nickel alowing laser processing parameters: (a) Ep = 1.6 J, 1 pulse, (b) Ep = 1.6 J, 10 pulses,
2.5. Inconel®718 alloy
Inconel®718 alloy is a high-strength, corrosion-resistant
nickel-chromium material that contains 50–55% Ni, 17–21% Cr,
approximately 19% Fe, 5% Nb, 3% Mo,  up to 1% Ti, Al, Co, and some
traces of C, Mn,  Si, P, S, B and Cu. Due to its outstanding thermo-
mechanical properties, this alloy is used in the ﬁeld of gas turbine
components, jet engines, rocket motors, pumps and nuclear reac-
tors.
The onset of LISDs in the Inconel®718 alloy sample was  found
at Ep ≈ 1.4 J. At pulse energies slightly above the threshold value
(Ep = 1.6 J), ‘Gaussian-like’ craters were created, as can be seen in
Fig. 8(a), whereas for energies in the range of 2.0–4.0 J ‘W-shaped’
craters were formed, as shown in Fig. 8(b). The characteristic key-
hole within the laser-irradiated area, which can be seen in Fig. 8(d),
was also generated with the Inconel®718 alloy sample when pro-
cessed by a single laser pulse but at a slightly higher pulse energy
(i.e. Ep ≈ 4.4 J). The use of pulse energies above 4.4 J resulted in
the appearance of “Gaussian-like” craters with depths >0.8 m.
s a function of (a) laser power and (b) number of laser pulses.
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Multiple laser pulses provide both an increase in the depth of the
ISDs when Ep > 1.6 J, as can be seen in Fig. 9(b), and a ﬂattening
f the ‘W-shaped’  bottom of the craters, as shown in Fig. 8(c).
Based on the results presented in Fig. 9, it can be concluded that
he depth of the LISDs can be controlled by applying multiple laser
ulses (N > 1) and pulse energies in the range of 2.4 and 3.2 J.
.6. Discussion about the laser-induced surface deformations
The total energy (Q) that is necessary to evaporate a certain vol-
me  of a material, which is expressed in the J/m3 units, can be
stimated using the following thermodynamic equation:
 =  · (Cp · (Tm − 20K) + Lm + Cp · (Tb − Tm) + Lb), (2)here  is the material density, Cp is the speciﬁc heat, Tm and Tb
re the melting and vaporisation temperatures, respectively, and Lm
nd Lb are the latent heats of melting and boiling. If we  assume that
he thermal properties of 304-grade stainless steel (see Table 1) are
Fig. 7. The height of the central area of the LISDs in Inconel®625 alloyISDs were produced using the following laser processing parameters: (a) Ep = 2.4 J,
constant for increasing temperatures, then the total energy (Q) that
is necessary to evaporate a 1 mm3 volume of the steel is estimated
to be 55.7 J.
The pulse energy (Ep) that is necessary to initiate vaporisation
of the metal in our process can be estimated using the following
equation:
Ep = Q ·  · (ωo + 2 · Ld)
2 · Ld
A
, (3)
where ω0 is the laser beam radius, A is the absorptivity and Ld is
the propagation length of the heat wave over a time span equalling
the duration, tp, of the incident laser pulse (Prokhorov et al., 1990).
Ld is given by:
Ld = (k · tp)1/2, (4)
where  is the thermal diffusivity of the metal. With 304-grade
stainless steel,  = 4.7·10−6 m2 s−1 (calculated from the values given
in Table 1), and hence Ld = 0.4 m for the 35 ns pulse used.
 as a function of (a) pulse energy and (b) number of laser pulses.
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Fig. 8. Laser-induced deformation proﬁles observed on the surface of Inconel®718 alloy. LISDs were produced using the following laser processing parameters: (a) Ep = 1.6 J,
1  pulse, (b) Ep = 3.2 J, 1 pulse, (c) Ep = 3.2 J, 10 pulses, (d) Ep = 4.4 J, 1 pulse.
Fig. 9. The height of the central area of the LISDs in Inconel®718 alloy
Table 1
Thermal properties of 304-grade stainless steel (Cheng et al., 2000).
Parameter Value
Density,  7900 kg m−3
Speciﬁc heat, Cp 460 J kg−1 K−1)
Thermal conductivity, k 17 W m−1 K−1
Melting temperature, Tm 1700 K
Boiling temperature, Tb 3000 K
i
t
i
s
i
t
melting on the metal surface can be clearly seen, e.g., in Fig. 6(a),Latent heat of melting, Lm 306 kJ kg−1
Latent heat of boiling, Lb 5500 kJ kg−1
Eq. (3) describes the plane heat model (Prokhorov et al., 1990)
n which the radius of the irradiated spot (ωo) is much greater than
he thermal diffusion length (Ld). This equation represents the case
n which the heat wave is one dimensional and propagates into the
ample perpendicularly to the sample surface. Given an absorptiv-
ty of approximately 0.6 at 343 nm (Dahotre and Harimkar, 2008),
he pulse energy (Ep) which is required to initiate vaporisation as a function of (a) pulse energy and (b) number of laser pulses.
can be estimated to be 2.7 ± 0.5 J. This value seems to agree with
the experimental results shown in Fig. 3(a), where the gradient of
the plot of LISD depth as a function of pulse energy steepens for
Ep > 3 J.
In general, the LISDs described in Sections 2.2–2.5 have been
generated by either a melt-only process or a combination of melting
and vaporisation, dependent on the pulse energy used. A melt-only
process is possible as a result of the combination of the laser wave-
length (providing a relatively high linear absorption) and pulse
length (being relatively long at 35 ns). Longer (green, infrared)
wavelengths result in less controlled (but often stronger) mate-
rial vaporisation (Leitz et al., 2011), whereas shorter (picosecond)
pulses leads to signiﬁcant reduction of the molten area and the
formation of rough laser-ablated surfaces. The evidence of pureand less obviously in Fig. 4(b) and (c). The appearance of craters
within the laser-irradiated area – for instance see Fig. 4(d) – means
that the laser ﬂuence was  high enough to remove the material by
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aporisation, whereas a surrounding rim around the craters most
ikely resulted from the melting effect.
In the melt-only regime, the shape of the LISDs is not always
bvious and easy to explain. As described by Wissenbach et al.
2011), the shape depends on the temperature and temperature
radients generated by the laser beam as well as the physical and
hemical properties of the metal. When a material absorbs laser
adiation, a temperature gradient and convective ﬂows are created
Von Allmen and Blatter, 1995). A Gaussian laser beam generates
he highest temperature in the centre of the laser-irradiated area,
orming a temperature gradient in radial direction. When the tem-
erature exceeds the melting point of the material, convective melt
ow leads to topological changes.
This ﬂow is further complicated by the dependence of surface
ension () on temperature (T). For most pure metals, d/dT < 0
Euastathopoulos et al., 1998), including iron and steel with low
ontent of oxygen and sulphur (Mills et al., 1998). This would result
n melt ﬂow from the centre towards the edges of the pool. Shear
tresses, in turn, cause a ﬂow of the melt along the solid–liquid
nterface towards the centre, and then the molten material on the
ottom of the pool is drawn back towards the surface (Wissenbach
t al., 2011). This leads to the formation of a bump within the laser-
rradiated area, like those observed in the nickel sample (see Fig. 4).
he appearance of bumps on the metals may  also result from the
act that the rapid heating leads to fast expansion of the material.
The surface tension of iron and other elements can be sub-
tantially modiﬁed by a small change in the concentration of
urface-active elements, such as sulphur and oxygen. Heiple and
oper (1982) reported that the surface tension gradient can be
hanged from a negative to a positive value when the sulphur
r oxygen concentration exceeds a certain value (around 0.005%).
hen, the surface tension is the greatest in the high-temperature
egion at the centre of the melt pool and this causes the melt to
ow radially inwards. This, in turn, creates a downward ﬂow in the
entre of the melt pool which transfers hot metal to the bottom
f the pool, forming a dimple (a crater) like that observed, e.g., in
he 304-grade stainless steel sample (see Fig. 2(a)). This explana-
ion seems valid for the stainless steel sample because this metal
ontains sufﬁcient sulphur (up to 0.03%). Moreover, the melt could
ain some oxygen because laser processing was carried out in air.
The ‘W-shaped’  craters observed in the Inconel® alloys (e.g. see
ig. 6(a)) can be explained using the conclusions drawn by Keene
t al. (1982) who pointed out that systems which exhibit a positive
urface tension gradient must eventually go through a maximum
t some temperature above which the d/dT value becomes nega-
ive. Such a situation leads to a complex ﬂow of the melt and the
ormation of protrusions in the centre and around the edge of the
elt pool. Since both Inconel® alloys contain sulphur (less than
.015%) and were processed in air, it seems likely that the surface
ension gradient can change in this way, leading to the appearance
f ‘W-shaped’  craters.
. Fabrication of security markings (holograms) on the
urface of a 304-grade stainless steel
As shown in Section 2, UV nanosecond laser pulses are able
o produce optically-smooth surface deformations on metals and
heir depth/height can be controlled by the laser power and the
umber of laser pulses. Such surface features, then, can be used
or the generation of reﬂective phase holographic structures (secu-
ity markings) which are more difﬁcult to fabricate (replicate) than
mplitude holographic structures which can be fabricated, e.g., by
hort pulse laser ablation. This is in contrast to UV picosecond
aser pulses which typically produce craters with a rough (highly-
cattering) base, as shown in Fig. 10; also control of the depth ofcessing Technology 222 (2015) 206–218
these surface features is rather complicated and difﬁcult to main-
tain.
In this section, we  describe the design and the laser-based
fabrication process of unique security markings, which can be
embedded directly to the surface of a metallic component or its
part. As a test substrate, the same 304-grade stainless steel as that
described in Section 2.2 was  used.
3.1. Design of security markings
Phase Computer Generated Holograms (CGHs) are an excellent
choice for use as security markings because they can carry infor-
mation in the form of images, letters or both (Stepien, 2000). In
order to reveal the information, the holographic structure is illu-
minated with coherent light and the resultant diffraction pattern is
projected onto a screen. In the case of phase CGHs, it is very impor-
tant to use the appropriate illumination wavelength () in order to
obtain the maximum diffraction efﬁciency (contrast) in the image
generated by the hologram. For the reﬂective binary (two-level)
CGHs, the maximum diffraction efﬁciency (with a lack of the 0th
order beam) is obtained when the phase shift is equal to /4.
The design of the security markings (reﬂective phase CGHs) has
been performed using the Iterative Fourier Transform Algorithm
(IFTA) described in details by Wyrowski and Bryngdahl, 1988). The
algorithm, which was successfully implemented in our previous
work for laser marking of metals using a spatial light modulator
(see Beck et al., 2010 and Wlodarczyk et al., 2014), was optimised
for designing the holograms containing square-shaped individual
elements (pixels). The IFTA enabled the design of both two-level
and multi-level CGHs for the generation of diffractive images in
the far ﬁeld. By introducing more phase-shift levels in the hologram
design, the diffraction efﬁciency of the holographic structure can be
signiﬁcantly increased.
3.2. Simulation of the operation of the CGHs
A mathematical model has been developed for simulating the
operation of the reﬂective phase CGHs. The simulation is performed
by implementing the Fresnel and Fraunhofer approximations
(explained in Goodman, 2005) into a Matlab® (MathWorks) code
to calculate the diffraction image produced by the hologram in the
near-ﬁeld and the far-ﬁeld, respectively. The Fraunhofer approxi-
mation is used when the Fresnel number (F) is 1.  This number is
given by:
F = ω
2
o
z · ,  (5)
where ω0 and  are the diameter and the wavelength of the laser
beam used for illuminating the holographic structure, whilst z is the
distance between the hologram surface and the projected diffrac-
tion image plane.
The model can be used for simulating the operation of both CGHs
with square ﬂat-bottom pixels, which are typically produced by
the etching process, and holograms with an arbitrary pixel shape,
including pixels in the form of ‘Gaussian-like’ craters which can be
generated on metals by UV nanosecond laser pulses, as presented
in Section 2.
Fig. 11 shows the simulation results obtained for a 2-level CGH
and a 4-level CGH which were designed using the IFTA to generate
a diffraction image containing inscription YAGboss and a chequer-
board, as shown in Fig. 11(a). The size of the CGH pixels was 7 m
by 7 m.  In the case of the 2-level hologram, which can be seen in
Fig. 11(b), the pixel depth was  chosen to be 158.25 nm, correspond-
ing to a /4 phase shift when  = 633 nm.  Based on the simulation
results, which are presented in Fig. 11(c), this hologram gener-
ates the designed image without the zeroth order beam when it is
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Fig. 10. AFM image and surface proﬁle of the LISDs generated in a 304-grade stainless steel. Each LISD was  produced by 80 laser pulses with duration of 6 ps at a 343 nm
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bavelength, using a 70 mW average power and a 400 kHz pulse repetition frequenc
lluminated by a 1 mm diameter beam at a 633 nm wavelength. The
iffraction efﬁciency (diff), i.e., the fraction of the optical power in
he designed image pattern shown in Fig. 11(a), was calculated to be
nly 26.4%. As can be seen in Fig. 11(c), the 2-level CGH in fact gener-
tes two ‘twin’ target images which are rotated with respect to each
ther by 180 degrees. This ‘twin image’  effect is a consequence of
he DOE having only 2 phase levels (Freese et al., 2010). Like a ruled
ymmetrical square grating, for example, this structure generates
ymmetrically positive and negative diffraction orders which form
 real and conjugate image. Additional phase levels added to the
olographic structure allow the symmetry to be broken in an anal-
gous manner to a blazed grating. In the case of the 4-level CGH,
hose structure is presented in Fig. 11(b), the simulation demon-
trates that the hologram can generate a diffraction image which
s very similar to the target image design when the depth of the
ixels corresponds to the phase shift of 1/8 , 1/4  and 3/8 . In
his case both the ‘twin’ image and the 0th order beam can be com-
letely suppressed. The diffraction efﬁciency (diff) for the 4-level
GH was calculated to be 53.4%. The rest of the light is scattered
o the region outside the signal window used in the design of the
ologram pattern.
In general, the simulations revealed that both the shape of the
GH pixels and any mismatch between the pixel depth and the laser
avelength used for illuminating the holographic structure have a
igniﬁcant impact on the diffraction efﬁciency of the hologram. For
nstance, when the CGH pixels have a shape of ‘Gaussian-like’ craters
hen the hologram is still able to generate the target image but the
iffraction efﬁciency signiﬁcantly decreases due to the appearance
f the 0th order beam.
Fig. 12 shows the simulation results obtained for both the 2-level
nd the 4-level CGH in which the pixels with a square contour and
at bottom were replaced by the ‘Gaussian-like’ craters, like that
resented in Fig. 12(a). The CGH structures are shown in Fig. 12(b),
hereas the diffraction images produced by these holograms are
resented in Fig. 12(c). In both cases, the CGH generated a highly
ntense 0th order beam which suppressed the appearance of the
iffraction images. In order to enhance the diffraction image con-
rast the intensity of the 0th order beam was attenuated, dividing
ts intensity value by 500.
The simulations performed for the CGH structures containing
crater-like’ pixels revealed that the 2-level hologram generates the
esigned image with the diffraction efﬁciency of only 3.7%, whilst
he 4-level hologram generates the image with diff = 5.0%. More-
ver, it was found that the ‘twin’ image is less suppressed by the
-level holographic structure containing ‘crater-like’  pixels, as can
e seen in Fig. 12(c).Finally, it can be concluded that not only the depth of the
CGH pixels but also their shape is very important in terms of the
achievable diffraction efﬁciency and also the contrast ratio between
the diffraction image and the 0th order beam. It is well known
from diffraction optics theory that the shape of the single diffrac-
tive element (pixel) deﬁnes an envelope of the diffraction pattern,
whereas the separation between the single diffractive elements
deﬁnes an angular distribution of minima/maxima in the whole
diffraction pattern (Goodman, 2005). Therefore, it can be expected
that the holographic structures (security markings) produced by
the UV nanosecond laser pulses will not generate the diffraction
images with a high contrast ratio even though the surface fea-
tures, i.e. ‘crater-like’ pixels, will be optically smooth. Wyrowski
(1991) calculated that 2D phase-only DOEs can provide a diffrac-
tion efﬁciency of up to 90%. Such optics, however, contain individual
elements (pixels) in the form of ﬂat-bottom squares, which typ-
ically are produced by photolithography and etching (Goodman,
2005).
3.3. Fabrication process
The fabrication process of the holographic structures (security
markings) on metals was performed using the optical setup shown
in Fig. 1. The test substrate was  304-grade stainless steel because
this metal showed a good response to the 35 ns laser pulses in UV
(see Section 2.2 for more details). Thanks to the precise synchro-
nisation between the laser pulse ﬁring and the movement of the
translation stages, it was  possible to perform mapping of the CGH
pixels on to the metal surface with the positioning accuracy bet-
ter than 0.5 m.  The 50 mm focal length of the ﬁnal lens enabled
the generation of ‘Gaussian-like’ craters with a diameter of less than
8 m.  Although a galvo-scanner equipped with a ﬂat-ﬁeld (F-theta)
lens can be used for the generation of holographic structures on
the metal surface in UV, which can be beneﬁcial in terms of the
laser processing speed, this equipment was not available in our
experimental laser system.
Fig. 13 shows a mechanically pre-polished 304-grade stainless
steel sample with a 2-level holographic structure that was  gener-
ated by 35 ns laser pulses in UV. The hologram contains optically
smooth craters with an average depth of 250 nm and a diameter of
7 m.  Each crater was produced by a single laser pulse of energy
2.5 J (i.e. a 25 mW average power and a 10 kHz pulse repetition
frequency). The laser-generated hologram (security marking)
contains 9 identical patterns, like those shown in Fig. 12(b), which
were tiled in a 3 × 3 arrangement. The overall dimension of the
hologram area was approximately 1.6 × 1.6 mm.  The time required
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wig. 11. (a) Target image containing the inscription YAGboss and chequerboard, (b) 2
mage  produced by the 2-level CGH (left) and 4-level CGH (right). The simulations w
  = 633 nm)  and a 1 m projecting distance.
o generate the 2-level holographic structure was approximately
 h and 30 min. Such a long processing time was related to the
act that the metal workpiece was moved by the linear translation
tages which required a relatively long response time to move the
orkpiece to the next laser ﬁring position. CGH (left) and 4-level CGH (right) designed using IFTA, and (c) simulated diffractive
erformed using the Fresnel approximation for a 1 mm diameter He-Ne laser beam
Since the laser processing time was very long, and hence such
a laser system cannot be used for marking products in mass pro-
duction, we also performed an experiment in which the 2-level
holographic structure was  generated on the surface of a 304-grade
stainless steel using a 50 W HS-S SPI ﬁbre laser that provided
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Fig. 12. (a) Shape of the CGH pixel used for simulations, (b) 2-level CGH (left) and 4-level CGH (right) with the ‘crater-like’ pixels, and (c) simulated diffractive image produced
by  the 2-level CGH (left) and 4-level CGH (right) with the ‘crater-like’ pixels. The simulations were performed using the Fresnel approximation for a 1 mm dia. laser beam,
  = 633 nm and a 1 m projecting distance. The intensity of the 0th order beam was  attenuated (500 times) in order to enhance the contrast ratio between the 0th order beam
and  the diffraction image.
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Fig. 13. 2-level holographic structure (security marking) produced on the surface of a 304-grade stainless steel: (a) photograph of the metal sample with the laser-written
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mologram, (b) optical microscope images, and (c) surface proﬁle measured with the
20 ns pulses to the workpiece via a galvo-scanner equipped with
 160 mm FL F-theta lens at a 1064 nm wavelength. Although the
064 nm wavelength did not provide as accurate control over the
epth of the LISDs at the 343 nm wavelength, this experiment
howed that it is possible to generate the 1.6 × 1.6 mm holograms
n less than 20 s. This means that the use of a galvo-scanner with a
ery short focal length F-theta lens designed for UV (e.g. 03-70FT-
00-355 Jenar® lens from Jenoptik AG, see: www.jenoptik.com)
ould signiﬁcantly reduce the processing time without having a
egative impact on the depth control and the diameter of the laser-
enerated surface features.
Fig. 14 shows an optical microscope image of the 4-level holo-
raphic structure, which was generated by the 35 ns laser pulses in
V, and also a surface proﬁle of the individual hologram pixels. In
rder to obtain different depth of the pixels the metal surface was
achined at three different pulse energies: 1.8 J, 2.1 J and 2.5 J.® white light source interferometer.
This enabled the generation of ‘crater-like’  pixels with an average
depth of either 175 nm,  245 nm or 290 nm.
3.4. Testing
The optical performance of the laser-generated holograms was
determined by illuminating the holographic structure with a He-Ne
laser beam ( = 633 nm)  and projecting the diffractive image onto
a screen that was located approximately 1 m from the hologram.
This image was  recorded using a digital camera.
Fig. 15 shows the diffractive images produced by the 2-level and
4-level laser-generated holograms shown already in Figs. 13 and 14,
respectively. In both cases, the incident angle of the He–Ne laser
beam was  approximately 10◦ (with respect to the surface normal).
The diffraction images were unchanged when the incident angle
was varied between 5◦ and 20◦. In general, the diffraction images
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Fig. 14. The 4-level holographic structure generated on the surface of a 304-grade stainless steel: (a) an optical microscope image, (b) surface proﬁle of the laser-generated
pixels.  The proﬁle was measured with the Zygo® white light source interferometer.
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pFig. 15. Diffraction image generated by: (a) 2-level hologram and (b) 4-leve
re very similar to the calculated images presented in Fig. 12(c).
hey contain both the 0th order beam and the ‘twin’ image, which
s less pronounced in the image produced by the 4-level hologram.
he presence of the 0th order beam and the ‘twin’ image results
rom the ‘Gaussian-like’ shape of the hologram pixels, as observed
y performing the simulations described in Section 3.2. Although
he depth of the craters in the 4-level holographic structure was
ot exactly the same as those used in the simulations to give the
igniﬁcantly suppressed ‘twin’ image, it still can be seen that the
ulti-level laser-generated holograms have the potential to pro-
ide additional marking features for protecting high value metal
roducts and components from counterfeiting.
. Conclusions and future work
A novel laser-based approach for unique security marking of the
igh value products and components made of metals was described
n this paper. It was shown that UV nanosecond laser pulses are
ble to locally and controllably melt the metal surface in order
o generate optically smooth surface features. By arranging the
aser-induced surface deformations in an appropriate pattern, it is
ossible to generate holographic structures that can act as securityram. The holograms were fabricated using the UV nanosecond laser pulses.
markings. Although the time required to produce the holograms
in our experiments was  very long (approximately 2 h and 30 min),
the processing time can be signiﬁcantly reduced (to less than 20 s
per hologram) by introducing a laser beam galvo-scanning system
into the laser marking setup. Further work should be focused on the
generation of the surface features with a square contour and a ﬂat
bottom. Our simulations described in Section 3.2 showed that the
holograms with ‘square pixels’ can produce diffractive images with
a very high image contrast and the diffraction efﬁciency of more
than 25%. Moreover, such holograms can produce the diffraction
images without the presence of the 0th order beam and even the
‘twin’ image in the case of the multi-level holographic structures. In
order to generate the surface deformations with a square contour
and a ﬂat bottom, we plan to test laser mask projection techniques.
AcknowledgmentsThe research covered in this paper was funded by the Engineer-
ing and Physical Sciences Research Council (EPSRC): Heriot-Watt
Innovative Manufacturing Research Centre (HW-IMRC, Grant No.:
EP/F02553X/1) and EPSRC Centre for Innovative Manufacturing
2 ls Pro
i
E
R
B
B
B
C
C
C
D
D
E
F
G
H
H
K
K
K
L
L
M
111–118.18 K.L. Wlodarczyk et al. / Journal of Materia
n Laser-based Production Processes (CIM LbPP, Grant No.:
P/K030884/1), and our industrial partner Renishaw plc. (UK).
eferences
eck, R.J., Parry, J.P., MacPherson, W.N., Waddie, A.J., Weston, N.J., Shephard, J.D.,
Hand, D.P., 2010. Application of cooled spatial light modulator for high power
nanosecond laser micromachining. Opt. Express 18, 17059–17065.
ennett, T.D., Krajnovich, D.J., Li, L., 1999. Thermophysical modelling of bump for-
mation during CO2 laser texturing of silicate glasses. J. Appl. Phys. 85, 153–159.
rusasco, R.M., Penetrante, B.M., Butler, J.A., Maricle, S.M., Peterson, J.E., 2001. CO2-
laser polishing for reduction of 351-nm surface damage initiation in fused silica.
In: Exarhos, G.J., Guenther, A.H., Lewis, K.L., Soileau, M.J., Stolz, C.J. (Eds.), Pro-
ceedings of SPIE. Boulder, CO, vol. 4679, pp. 34–39.
hen, S.C., Cahill, D.G., Grigoropoulos, C.P., 2000. Melting and surface deformation
in pulsed laser surface micromodiﬁcation of Ni-P disks. J. Heat Transf. 122,
107–112.
heng, J., Kahlen, F.J., Kar, A., 2000. Effects of intrapulse structure on hole geometry
in  laser drilling. J. Laser Appl. 12, 232–238.
ormont, P., Combis, P., Gallais, L., Hecquet, C., Lamaignère, L., Rullier, J.L., 2013.
Removal of scratches on fused silica optics by using a CO2 laser. Opt. Express 21,
28272–28289.
ahotre, N.B., Harimkar, S.P., 2008. Laser Fabrication and Machining of Materials.
Springer, pp. 277–280.
ai, W.,  Xiang, X., Jiang, Y., Wang, H.J., Li, X.B., Yuan, X.D., Zheng, W.G., Lv, H.B., Zu,
X.T.,  2011. Surface evolution and laser damage resistance of CO2 laser irradiated
area of fused silica. Opt. Lasers Eng. 49, 273–280.
uastathopoulos, N., Drevet, B., Ricci, E., 1998. Temperature coefﬁcient of surface
tension for pure liquid metals. J. Cryst. Growth 191, 268–274.
reese, W.,  Kampfe, T., Kley, E.B., Tunnermann, A., 2010. Design of binary subwave-
length multiphase level computer generated holograms. Opt. Lett. 35, 676–678.
oodman, J.W., 2005. Introduction to Fourier Optics, third ed. Roberts & Company,
Englewood, CO, 63-96, 209-215.
eidrich, S., Willenborg, E., Richmann, A., 2011. Development of a laser based process
chain for manufacturing freeform optics. Phys. Proc. 12, 519–528.
eiple, C.A., Roper, J.R., 1982. Mechanism for minor element effect on GTA fusion
zone geometry. Weld. J. 61, 97s–102s.
eene, B.J., Mills, K.C., Bryant, J.W., Hondros, E.D., 1982. Effect of surface active
elements on the surface tension of iron. Can. Metall. Q. 21, 393–403.
hoong, L.E., Lam, Y.C., Zheng, H.Y., Chen, X., 2010. Laser soft marking on silicon
wafer. J. Appl. Phys. 107, 053107.
umstel, J., Kirsch, B., 2013. Polishing titanium- and nickel-based alloys using cw-
laser radiation. Phys. Proc. 41, 362–371.
aguarta, F., Lupon, N., Armengol, J., 1994. Optical glass polishing by controlled laser
surface-heat treatment. Appl. Opt. 33, 6508–6513.
eitz, K.H., Redlingshofer, B., Reg, Y., Otto, A., Schmidt, M.,  2011. Metal ablation with
short and ultrashort laser pulses. Phys. Proc. 12, 230–238.
endez, E., Nowak, K.M., Baker, H.J., Villarreal, F.J., Hall, D.R., 2006. Localized CO2
laser damage repair of fused silica optics. Appl. Opt. 45, 5358–5367.cessing Technology 222 (2015) 206–218
Mills, K.C., Keene, B.J., Brooks, R.F., Shirali, A., 1998. Marangoni effects in welding.
Phil. Trans. R. Soc. Lond. A 256, 911–925.
Monjardin, J.F., Nowak, K.M., Baker, H.J., Hall, D.R., 2006. Correction of beam errors
in high power laser diode bars and stacks. Opt. Express 14, 8178–8183.
Nowak, K.M., Baker, H.J., Hall, D.R., 2006. Efﬁcient laser polishing of silica micro-optic
components. Appl. Opt. 45, 162–171.
Nusser, C., Sandker, H., Willenborg, E., 2013. Pulsed laser micro polishing of metals
using dual-beam technology. Phys. Proc. 41, 346–355.
Prokhorov, A.M., Konov, V.I., Ursu, I., Mihailescu, I.N., 1990. Basic regimes of the
heating of metal targets by laser irradiation. In: Pike, E.R., Welford, W.T. (Eds.),
Laser Heating of Metals. Adam Hilger, pp. 39–75.
Shiu, T.R., Grigoropoulos, C.P., Cahill, D.G., Greif, R., 1999. Mechanism of bump
formation on glass substrates during laser texturing. J. Appl. Phys. 86,
1311–1316.
Stepien, P.J., 2000. Computer-generated holograms and diffraction gratings in opti-
cal security applications. In: Van Renesse, R.L., Vliegenthart, W.A. (Eds.), Proc.
SPIE. San Jose, vol. 3973, p. 224.
Temmler, A., Graichen, K., Donath, J., 2010. Laser polishing in medical engineering;
laser polishing of components for left ventricular assist devices. Laser Tech. J. 7,
53–57.
Temmler, A., Willenborg, E., Wissenbach, K., 2011. Design surfaces by laser remelt-
ing. Phys. Proc. 12, 419–430.
Trela, N., Baker, H.J., Wendland, J.J., Hall, D.R., 2009. Dual-axis beam correction for an
array of single-mode diode laser emitters using a laser-written custom phase-
plate. Opt. Express 17, 23576–23581.
Ukar, E., Lamikiz, A., Martinez, S., Estaloyo, F., Tabernero, I., 2013. Laser polishing of
GGG70L cast iron with 2D scan-head. Proc. Eng. 63, 53–59.
Von Allmen, M.,  Blatter, A., 1995. Melting and solidiﬁcation. In: Gonser, U., Osgood,
R.M.,  Panish, M.B., Sakaki, H. (Eds.), Laser-Beam Interactions with Materials:
Physical Principles and Applications. Springer Verlag, pp. 68–114.
Weston, N.J., Hand, D.P., Giet, S., Ardron, M.,  29 March 2012. A method of forming
an  optical device. Patent WO/2012/038707.
Wissenbach, K., Weisheit, A., Willenborg, E., Temmler, A., Backes, G., Gasser, A.,
Gottman, J., 2011. Surface treatment. In: Poprawe, R. (Ed.), Tailored Light 2
–  Laser Application Technology, RWTHedition. Springer Berlin Heidelberg, pp.
173–239.
Wlodarczyk, K.L., Mendez, E., Baker, H.J., McBride, R., Hall, D.R., 2010. Laser smooth-
ing of binary gratings and multilevel etched structures in fused silica. Appl. Opt.
49, 1997–2005.
Wlodarczyk, K.L., Thomson, I.J., Baker, H.J., Hall, D.R., 2012. Generation of microstripe
cylindrical and toroidal mirrors by localized laser evaporation of fused silica.
Appl. Opt. 51, 6352–6360.
Wlodarczyk, K.L., Kaakkunen, J.J.J., Vahimaa, P., Hand, D.P., 2014. Efﬁcient speckle-
free laser marking using a spatial light modulator. Appl. Phys. A 116,Wyrowski, F., 1991. Upper bound of the diffraction efﬁciency of diffractive phase
elements. Opt. Lett. 16, 1915–1917.
Wyrowski, F., Bryngdahl, O., 1988. Iterative Fourier-transform algorithm applied to
computer holography. J. Opt. Soc. Am.  A 5, 1058–1065.
